Maternal high-fat diet has a negative impact on fertility-including an apparent direct effect on early development. In this issue, a new study connects this phenotype to depletion of Stella protein in oocytes, demonstrating environmental regulation of a maternal-effect gene.
S tella (Dppa3) is a well-known maternaleffect gene in mice. This factor first caught scientists' imagination because of its remarkable expression pattern, in which expression is strictly confined to the germ line and early preimplantation embryos 1, 2 . Interestingly, while Stella-knockout mice of both sexes are overtly healthy and males have normal fertility, Stella-null oocytes are severely compromised in their ability to support normal development, even when fertilized with wild-type sperm 3, 4 . Recent work has begun to elucidate the molecular mechanism of this defect. Stella binds H3K9me2 in the maternal pronucleus of the zygote, blocking access to TET3 and thereby preventing oxidation of maternally inherited 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) 5 . Consequently, in the absence of Stella, there is a loss of 5mC at key maternally methylated sequences in the zygote and a notable transcriptional and epigenetic dysregulation of transposable elements 6, 7 . Thus, epigenetic compromise leading to aberrant precocious demethylation of the maternal genome and altered transposon activation are likely contributors to the frequency of preimplantation failure in the absence of Stella in the zygote.
In a new study appearing in this issue, Han et al. 8 noted a similar degree of early embryonic lethality in mouse embryos from mothers fed a high-fat diet (HFD). Although ovulated oocytes from these mothers appeared morphologically normal, very few could support development even to the blastocyst stage. Using a proteomic approach, they found 111 proteins misregulated in oocytes from HFD-fed mothers; intriguingly, Stella was prominent on this list. Further investigation confirmed that indeed oocytes derived from obese mothers had variable degrees of depletion of Stella protein ( Fig. 1) , which, interestingly, occurred in the absence of changes at the mRNA level. The preimplantation phenotype induced by HFD is certainly reminiscent of that of Stella depletion, as are the molecular defects observed in the zygote 5, 7 . TET3 is normally restricted to the paternal pronucleus where it protects newly demethylated DNA from reacquiring this mark 9 . In contrast, in oocytes from HFD-fed mothers, TET3 was readily detected in both the paternal and maternal pronuclei. There appeared to be little impact of TET3 dysregulation on active demethylation of the paternally derived DNA. However, the aberrant accumulation of TET3-driven 5hmC in the maternal pronucleus was accompanied by a reciprocal decrease in maternal 5mC levels (Fig. 1) . This was evident both by immunofluorescence staining for DNA modifications in zygotes and in the global DNA hypomethylation observed by whole-genome bisulfite sequencing (WGBS). Clear 5mC depletion was observed at CpG islands and exons and, notably, DNA methylation changes were detected in some classes of transposable elements, raising the prospect that aberrant transposon expression may be a contributing factor to the observed phenotype. Intriguingly, the authors also observed an increase in DNA damage specifically in the maternal pronucleus, consistent with ongoing TET3-driven active DNA demethylation, leading to a potential loss of genome integrity. Although dysregulation of transposable elements provides an intriguing possibility, further work will be required to conclusively show whether these elements are indeed active and have a causative role in this experimental model. Altered maternal metabolism is likely to have pleiotropic effects, making it unclear to what extent the observed defects are attributable solely to Stella depletion. Perhaps the most provocative finding was that forced expression of Stella in oocytes from HFD-fed mothers produced a significant phenotypic rescue. Not only was there a normalization of the molecular defects (reduced maternal DNA demethylation and DNA damage in the zygote), but there was a significant improvement in both the number of embryos completing preimplantation development and the severity of growth retardation observed in late-gestation fetuses. In combination with the similarity between the molecular defects in Stellanull oocytes and those from HFD-fed mothers, this observation makes it highly likely that a substantial component of this diet-induced subfertility is due to misregulation of Stella. It does however remain possible that Stella overexpression has a more general compensatory role, wherein it positively impacts development. For this reason, it is important that future work be focused on elucidating the exact molecular mechanism by which HFD leads to reduced Stella expression in oocytes and the consequences of this at the transcriptome and global methylome levels during oocyte development (that is, before fertilization). In addition, and of importance, Stella overexpression does not provide a full phenotypic rescue. This may simply be a technical issue, but other factors may well be contributory. The remaining 110 differentially expressed proteins may provide some additional fruitful candidates. Whether Stella overexpression normalizes expression of these other factors remains to be shown, but if parallel pathways can be identified this could indicate further mechanisms by which HFD can impact developmental potential.
With the current global epidemic of obesity, it is perhaps alarming that increased dietary fat appears to directly impact a critical developmental regulator such as Stella. While the block in development is not absolute in the mouse model, with some embryos producing live offspring, what the consequences are for the health and well-being of surviving animals is an important question. Whether there are any consequences for subsequent generations has not been directly addressed in the current study and may well be an area for future work. It is possible that this case is the exception rather than the rule; however, it may well be that the expression of Stella could provide a useful 'sensor' and that other environmental insults or lifestyle choices have a measurable impact on its expression, or indeed on the expression of other key regulators of early development. The effect of diet on Stella expression represents a novel and interesting mechanism by which maternal effects can be altered in mice, while the detailed analysis of the molecular defects caused by a twenty-first-century diet certainly provides food for thought. ❐ Harry G. 
